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ABSTRACT 
Based on t h e  thermophysical p r o p e r t i e s  o f  Hg Cd Te 
I - x  x 
a l l o y s ,  t h e  reasons are  discussed f o r  t h e  f a i l u r e  o f  conven- 
t i o n a l  Bridgman-Stockbarger growth methods t o  produce h igh  
q u a l i t y  homogeneous c r y s t a l s  i n  the  presence o f  Ear th 's  
g r a v i t y .  The de le te r i ous  e f f e c t s  a re  considered which a r i s e  
f rom t h e  dependence o f  t he  thermophysical p r o p e r t i e s  on tem- 
pera ture  and composi t ion and f rom t h e  la rge  amount o f  heat 
c a r r i e d  by t h e  fused s i l i c a  ampules. An improved growth 
method t h a t  we have developed t o  op t im ize  heat f l o w  condi-  
t i o n s  i s  descr ibed and exper imental  r e s u l t s  a re  presented. 
The problems associated w i t h  growth i n  a g r a v i t a t i o n a l  
environment a re  discussed. The a n t i c i p a t e d  advantages o f  
growth i n  m i c r o g r a v i t y  are g iven and t h e  i m p l i c a t i o n s  o f  t h e  
requirements f o r  s p a c e f l i g h t  experiments a re  summarized. 
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In t roduc t i on  
The techno log ica l  u t i l i t y [ l ]  and the  s c i e n t i f i c  in te res t I2 -71  i n  
Cd Te have been w e l l  documented. Hgl 
ing-6ulH. composi t ional  ly  homogeneous ma te r ia l  by d i r e c t i o n a l  sol i d i f  i- 
c a t i o n  i s  w ide l y  recognized[2,5-91. I n  t h i s  paper, we d iscuss t h e  rea- 
sons t h a t  Bridgman and r e l a t e d  d i r e c t i o n a l  s o l i d i f i c a t i o n  methods nor-  
m a l l y  f a i l  i n  t he  presence o f  Ear th 's  g r a v i t y  and show t h a t  i n  such a 
g r a v i t a t i o n a l  environment it i s  nea r l y  impossible t o  grow c r y s t a l s  t h a t  
a re  bo th  r a d i a l l y  and a x i a l l y  homogeneous f o r  s i g n i f i c a n t  c r y s t a l  
lengths.  
i s  more dense, t h e  v e r t i c a l  Bridgman-Stockbarger growth process would 
appear t o  be both g r a v i t a t i o n a l l y  and the rma l l y  s t a b l e  aga ins t  convec- 
t i o n ,  bu t  t h i s  i s  no t  genera l l y  t rue .  Due t o  the  pecu l i a r  r e l a t i o n s h i p s  
between the  thermal c o n d u c t i v i t i e s  o f  t he  mel t ,  s o l i d ,  and ampule, it i s  
p r a c t i c a l l y  impossible t o  completely avo id  r a d i a l  temperature grad ien ts  
i n  t h e  growth r e g i o n [ 2 ] .  Thus, i n  s p i t e  o f  t he  s t a b i l i z i n g  in f luence o f  
t h e  s o l u t a l  dens i t y  gradient ,  s i g n i f i c a n t  t he rmoso lu ta l l y  d r i v e n  f l u i d  
f l o w  occurs i n  a narrow reg ion  near the  i n t e r f  ce [ lO ] .  I t  i s  expected 
t h a t  under reduced g r a v i t y  condi t ions,  g 
s i g n i f i c a n t l y  suppressed t o  y i e l d  a corresponding reduc t i on  i n  the  asso- 
c i a t e d  r a d i a l  composi t ion grad ien ts  i n  t h e  s o l i d i f i e d  c r y s t a l s .  
Likewise, t he  d i f f i c u l t y  i n  grow- 
Because the  HgTe-rich component r e j e c t e d  du r ing  s o l i d i f i c a t i o n  
-E 10 go, such f l ows  can be 
I n  general, t h e  presence o f  r a d i a l  temperature grad ien ts  near the  
growth reg ion  w i l l  cause a curva ture  i n  the  s o l i d - l i q u i d  i n t e r f a c e  which 
need be n e i t h e r  an isothermal nor an isoconcentrat ional  sur face.  Fur th -  
ermore, t he  growth o f  h igh  q u a l i t y  c r y s t a l s  u s u a l l y  requ i res  a s l i g h t l y  
convex growth i n t e r f a c e  as viewed f rom the  m e l t [ l l l .  Under t h e  i n f l u -  
ence o f  s t a b l e  growth condi t ions,  such i n t e r f a c e  geometries r e a d i l y  lead 
t o  l a t e r a l  a l l o y  segregat ion because o f  t h e  tendency o f  t he  more dense 
HgTe-rich l i q u i d  t o  s e t t l e  a t  t he  po r t i ons  o f  t he  sur face having the  
lowest g r a v i t a t i o n a l  p o t e n t i a l .  Because the  a l l o y  s o l i d u s  temperature 
decreases w i t h  increased HgTe content, t he  i n t e r f a c e  temperature w i l l  be 
lowered i n  t h i s  region, causing the  i n t e r f a c e  curva ture  t o  increase. 
Al though l a t e r a l  d i f f u s i o n  w i l l  tend t o  d r i v e  the  i n t e r f a c i a l  m e l t  com- 
p o s i t i o n s  t o  some e q u i l i b r i u m  values, most o f  ground-based melt-growth 
experiments show la rge  r a d i a l  composi t ional  v a r i a t i o n s  t h a t  a re  probably 
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a d i r e c t  consequence o f  such an i n t e r f a c i a l  f l u i d  f l o w  
phenomenon[3,5-9.121. Al though growth a t  very  s low rates,  under the  
i n f l uence  o f  reduced s t a b i l i z i n g  composi t ion grad ien ts  and thus non- 
steady f l o w  cond i t ions ,  y ie lded  r a d i a l l y  more homogeneous ingots181, no 
ingots  cou ld  be obtained by the  Bridgman-Stockbarger method t h a t  were 
s imul taneously  a x i a l l y  homogeneous f o r  any length.  I n  t h i s  paper, we 
d iscuss a method t h a t  we have developed and used t o  ob ta in  var ious  
des i red  i n te r face  shapes i n  Hgl,xCd Te and o ther  I I - V I  s o l i d  s o l u t i o n  
a l  loys.  
s t r a t i f i c a t i o n  e f f e c t s  w i l l  y i e l d  c r y s t a l s  w i t h  improved composi t ional  
u n i f o r m i t i e s  and reduced l i n e  de fec t  dens i t i es .  F i n a l l y ,  t he  p roper t i es  
of Hg Cd Te and o ther  s i m i l a r  a l l o y  semiconductors impose some 
spec ibi; requ i rements on spacef I i ght  hardware and exper iment des i gn. 
These w i l l  be discussed, a lso.  
I t  i s  expected t h a t  t he  method. when combined w i t h  reduced 
X 
Conventional Approach 9 V e r t i c a l  Bridqman Growth 
The convent ional  Bridgman-Stockbarger method u s u a l l y  uses a wide 
ad iaba t i c  zone between t h e  ho t  and c o l d  zones o f  t he  growth 
a p p a r a t u s [ l l l .  Th i s  method y i e l d s  the  des i red f l a t  isothermal sur faces 
f o r  s i t u a t i o n s  where the  thermal p roper t i es  o f  t h e  s o l i d  and melt ,  par- 
t i c u l a r l y  t h e  thermal conduc t i v i t y ,  a re  the  same o r  where the  thermal 
e f f e c t s  o f  t he  ampule can be neglected. Unfor tunate ly ,  n e i t h e r  o f  these 
cond i t i ons  apply  f o r  Hg Cd Te. The thermal d i f f u s i v i t y  v a r i e s  substan- 
t i a l l y  w i t h  bo th  composl t lon and temperature[ l31 and the  thermal conduc- 
t i v i t y  o f  t h e  r e q u i s i t e  fused s i l i c a  ampule i s  comparable t o  t h a t  o f  t he  
m a t e r i a l [ l 4 1 .  An example o f  the  e f f e c t  o f  d i f f e r e n t  thermal conduc t i v i -  
t i e s  i s  shown i n  F i g .  1. Because o f  t he  genera l l y  h igher  thermal con- 
d u c t i v i t y  i n  the  m e l t  than i n  the  s o l i d ,  t he  use o f  a wide ad iaba t i c  
zone w i l l  produce isothermal sur faces near the  i n t e r f a c e  t h a t  a re  bowed 
downward i n t o  t h e  s o l i d ,  as shown. Although the  i n t e r f a c e  under t h i s  
c o n d i t i o n  w i l l  be ne i the r  an isothermal nor an isocomposi t ional  surface, 
it w i l l  be bowed i n  the  same d i r e c t i o n  as the  isotherms near it. Th is  
w i l l  lead t o  t h e  c o l l e c t i o n  o f  HgTe-rich l i q u i d  a t  the  low reg ion  o f  t he  
i n t e r f a c e  and thus  the  HgTe-rich centers  i n  r a d i a l  s l i c e s  t h a t  a re  gen- 
e r a l l y  a l though no t  un iversa l ly [2 .151 repor ted  f o r  Bridgman grown 
1-8 x 
Cd Te. Th is  e f f e c t  has been discussed elsewhere[2] .  Hgl-x x 
- An Improved Bridqman Growth Method 
Dur ing t h i s  i nves t i ga t i on ,  we have developed a method f o r  t he  v e r t -  
i c a l  growth o f  Hg Cd Te and s i m i l a r  a l l o y s  t h a t  minimizes t h e  problems 
w i t h  t h e  convent ional  method o u t l i n e d  abovei2.31. Th is  method depends 
on the  c a r e f u l  c o n t r o l  o f  t h e  r a d i a t i o n  heat t r a n s f e r  near the  growth 
i n te r face .  Th is  i s  achieved by us ing  a t h i n  ("4 mn) thermal b a r r i e r  
between t h e  ho t  and c o l d  zones o f  t he  growth apparatus and by the  j u d i -  
c ious  choice o f  t he  growth temperatures[2] .  Each zone i s  prov ided w i t h  
an isothermal furnace l i n e r  (heat p ipe)  t o  assure i so the rma l i t y  o f  t he  
zone. A d e t a i l e d  d e s c r i p t i o n  o f  t he  heat t r a n s f e r  dur ing  growth has 
been g iven i n  r e f .  [ 2 ] .  There it i s  shown t h a t  t he  i n t e r f a c e  can evolve 
du r ing  growth f rom concave (viewed f rom the  mel t )  t o  convex and back t o  
l - x  x 
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concave by s e l e c t i o n  o f  a proper s e t  o f  growth parameters. Th is  t ype  o f  
e v o l u t i o n  i s  shown i n  F i g .  2. 
We b e l i e v e  t h a t  t h i s  method, when used i n  a m i c r o g r a v i t y  env i ron-  
ment, w i l l  y i e l d  s i n g l e  c r y s t a l l i n e  m a t e r i a l  which i s  s imul taneously  
homogeneous i n  bo th  t h e  a x i a l  and r a d i a l  d i r e c t i o n s .  The r e l a t i v e  sim- 
p l i c i t y  o f  t h e  method makes it the  choice f o r  eva lua t ing  the  p o t e n t i a l  
b e n e f i t s  of growing H9 Cd Te and s i m i l a r  m a t e r i a l s  i n  m i c r o g r a v i t y .  1-x x 
Resu l ts  and Discuss ion 
Over t h e  pas t  several  years, we have performed a d e t a i l e d  evalua- 
t i o n  o f  t h e  e f f e c t s  o f  growth parameters on t h e  a x i a l  and r a d i a l  compo- 
s i t i o n a l  u n i f o r m i t y  i n  d i r e c t i o n a l l y  s o l i d i f i e d  Hg Cd Te and o the r  
s i m i l a r  pseudobinary a l l o y s .  To o b t a i n  a measure o f  t h e  r e l a t i v e  impor- 
tance o f  t h e  var ious  heat and mass t r a n s f e r  processes involved, d e t a i l e d  
r a d i a l  and a x i a l  composi t ion p r o f i l e s  have been obta ined f o r  many 
ingots .  The a x i a l  composi t ional  p r o f i l e s  f o r  a s e r i e s  o f  x=O.2 and 0.4 
i ngo ts  have been deduced f rom p r e c i s i o n  d e n s i t y  measurements[9,16] and 
have been descr ibed p rev ious l y .  One example i s  shown i n  F i g .  3. Addi- 
t i o n a l  p r o f i l e s ,  i nc lud ing  some f o r  x=O.6 ingots,  have been measured 
more r e c e n t l y .  A l l  p r o f i l e s  t h a t  d i d  no t  suggest i n t e r f a c e  breakdown 
cou ld  be f i t  w e l l  by a s e t  o f  one dimensional d i f f u s i o n  eq a 
t i o n ~ [ 3 ~ 8 , 9 ~ 1 7 - 1 9 ] .  Furthermore, t h e  bes t  values ( 4 . 5 ~ 1 0  t o  
6 . 0 ~ 1 0 -  cm /s) f o r  t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t ,  D, d i d  no t  show 
any s i g n i f i c a n t  growth r a t e  o r  o ther  growth parameter dependence. Most 
o f  t h e  samples grown were 5 mn i n  diameter and we suspect t h e  e f f e c t i v e  
d i f f u s i o n  c o e f f i c i e n t  would vary  w i t h  diameter.  Nonetheless, these 
r e s u l t s  suggest t h a t  t h e  expected convect ive f l o w s  r e s u l t i n g  f rom curva- 
t u r e  i n  t h e  growth i n t e r f a c e  and ho r i zon ta l  temperature g rad ien ts  d i d  
n o t  penet ra te  the  e n t i r e  m e l t  column. 
1-x x 
-E - 
I n  some ingots,  t h e  a x i a l  composi t ion p r o f i l e  showed evidence o f  
i n t e r f a c i a l  breakdown. Th is  was mani fested by a sudden increase i n  Cd 
conten t  near t h e  l as t - to - f reeze  end o f  t h e  i ngo t .  Because o f  t h e  s t rong  
c o r r e l a t i o n  between t h i s  e f f e c t  and t h e  temperature g rad ien t  t o  growth 
r a t e  r a t i o ,  doubt less t h e  observed e f f e c t  i s  due t o  i n t e r f a c i a l  break- 
down. E i t h e r  t h e  i n t e r f a c e  becomes d e n d r i t i c  and convect ion c u r r e n t s  
cause t h e  CdTe-rich dendr i tes  t o  break o f f  and r i s e  t o  t h e  t o p  o f  t h e  
m e l t  o r  smal l ,  CdTe-rich p a r t i c l e s  a re  homogeneously nuc leated s l i g h t l y  
above t h e  i n t e r f a c e  and then r i s e .  The l a t t e r  i s  poss ib le  because t h e  
v a r i a t i o n  i n  thermophysical p r o p e r t i e s  w i t h  composi t ion and temperature 
pe rm i t  a c o n d i t i o n  where t h e  m e l t  i s  c o n s t i t u t i o n a l l y  supercooled 
s l i g h t l y  above t h e  i n t e r f a c e  bu t  no t  a t  t h e  i n te r face .  For example, t h e  
thermal c o n d u c t i v i t y  increases sharp ly  j u s t  above t h e  i n t e r f a c e [ 2 ] ;  t h i s  
reduces t h e  temperature g rad ien t  away f rom t h e  i n t e r f a c e  more r a p i d l y  
than i f  t h e  thermal c o n d u c t i v i t y  i n  t h e  m e l t  were constant .  
Extens ive i n f r a r e d  t ransmiss ion edge and x-ray energy d i spe rs ion  
measurements were used t o  assess the  magnitude o f  r a d i a l  segrega- 
tion[3,8,9,12]. The segregat ion showed a d e f i n i t e  growth ra te ,  R, 
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dependence; w i t h  t h e  most pronounced e f f e c t  occu r r i ng  f o r  t h e  s lowest 
growth r a t e s .  Th is  e f f e c t  i s  i l l u s t r a t e d  by t h e  r e s u l t s  f o r  two x=O.2 
i ngo ts  L6 and L7. The r a d i a l  composi t ional  da ta  f o r  severa l  s l i c e s  f rom 
each ingo t  a re  shown i n  F i g .  4. Both  ingots  were grown under i d e n t i c a l  
c o n d i t i o n s  except f o r  t h e  growth r a t e .  L6 was grown a t  a r a t e  o f  
2.68 cm/day and had t o t a l  r a d i a l  composi t ional  v a r i a t i o n s  o f  about 0.05 
i n  x over most o f  i t s  length.  L7 was grown a t  a r a t e  o f  0.59 cm/day and 
had t o t a l  v a r i a t i o n s  o f  less than 0.0025 i n  x between 3 and 10 cm f rom 
t h e  f i r s t - t o - f r e e z e  end[8] .  S i m i l a r  growth r a t e  dependences have been 
observed f o r  h igher  a l l o y  compositions, a lso .  
Several years ago we proposed t h a t  t he  v e r t i c a l  ex ten t  o f  t h e  con- 
v e c t i v e  r e g i o n  above the  c r y s t a l  growth i n t e r f a c e  must be smal l  compared 
t o  t h e  e f f e c t i v e  d i f f u s i o n  length, "2D/R[121, because o f  t h e  good f i t  o f  
t h e  a x i a l  composi t ional  v a r i a t i o n s  t o  a one-dimensional d i f f u s i o n  model 
as discussed above. A more recent  i n v e s t i g a t i o n  o f  t h e  s i m i l a r  Ge-Si 
a l l o y  system by Rouzaud, e t  a l . ,  y i e l d e d  s i m i l a r  conclusions[201. 
Rouzaud, e t  a l .  have a l s o  shown t h a t  these observat ions are  i n  accord 
w i t h  t h e  r e s u l t s  o f  H a r t ' s [ l O ]  s t a b i l i t y  ana lys i s  o f  s a l i n e  s o l u t i o n s  
having s t a b i l i z i n g  composi t ional  g rad ien ts  and h o r i z o n t a l  thermal gra- 
d i e n t s .  For our growth cond i t i ons  t h e  thermal and s o l u t a l  Ray le igh  
numberg f o r  t h e  m e l t  near t h e  i n t e r f a c e  are est imated t o  be about 10 
and 10 , r e s p e c t i v e l y .  A s t a b i l i t y  ana lys i s  o f  Har t ' s  t ype  thus imp l i es  
f l o w  c h a r a c t e r i s t i c s  t h a t  may s t r a d d l e  the  c r i t i c a l  s t a b i l i t y  curve 
depending on t h e  choice o f  t h e  exact growth cond i t i ons .  I n  agreement 
w i t h  t h e  conclus ions suggested by t h e  exper imental  r e s u l t s [ l 2 1 ,  such an 
a n a l y s i s  a l s o  suggests t h a t  t h e  ex ten t  o f  t he  f l o w  reg ion  should be 
about a f a c t o r  o f  10 smal le r  than t h e  est imated s i z e  o f  t h e  e f f e c t i v e  
d i f f u s i o n  lengths invo lved Th is  type  o f  ana lys i s  a l s o  suggests t h a t  
f o r  g-values less  than 10 g , the  res idua l  f l o w  v e l o c i t i e s  can be made 
t o  be more than a f a c t o r  o f  ?O smal l e r  than t h e  proposed i n t e r f a c e  
t r a n s l a t i o n  r a t e s  ('"0.4 JJ~IV'S). 
4 
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C o r i e l l  and Sekerka1211 have shown t h a t  under steady cond i t ions ,  
t h e  r a d i a l  v a r i a t i o n  i n  composi t ion i s  g iven  by 
6C = Co( (k - l ) / k )  (WD)$z (1 1 
and t h a t  6 z ,  t h e  v e r t i c a l  bowing o f  t h e  i n te r face ,  i s  determined by t h e  
thermal c o n d i t i o n s  alone. 
t h e  i n t e r f a c e  segre a t i o n  c o e f f i c i e n t .  
smal le r  than t h e  measured va lue.  We thus  conclude t h a t  t h e  d i f f e r e n c e  
i n  r a d i a l  segregat ion between L6 and L7 i s  probably due t o  a t r a n s i t i o n  
t o  a t ime  dependent f l o w  regime as R i s  reduced and no t  t o  t h e  steady 
s t a t e  c o n d i t i o n  considered above. I t  i s  wor th  no t i ng  t h a t  t h e  tempera- 
t u r e  d i s t r i b u t i o n  a t  t he  i n t e r f a c e  du r ing  Hg CdxTe growth i s  growth 
r a t e  dependent because o f  t h e  composi t ion ana-temperature dependence o f  
t h e  thermophysical  p r o p e r t i e s  so t h a t  6 z  i s  expected t o  depend on growth 
r a t e .  Recent numerical s i m u l a t i o n  o f  t h e  complete heat f l o w  problem[221 
suggests, however, t h a t  t h i s  e f f e c t  i s  probably  less s i g n i f i c a n t  than 
Co i s  t h e  o v e r a l l  m e l t  composi t ion and k i s  
Assuming t h e  same 6z,  Eqn . ( l )  
y i e l d s  a change i n  % C f rom ingo t  L6 t o  L7 t h a t  i s  about a f a c t o r  o f  5 
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prev ious l y  assumed[21. 
Advantaqes o f  a Low-Gravitv Environment 
Frequent ly,  t he  des i rab le  sur face geometry f o r  c r y s t a l  growth i s  
p lanar  o r  nea r l y  so. Usual ly,  however, t he  optimum i n t e r f a c e  shapes 
tend t o  be those t h a t  bow s l i g h t l y  i n t o  the  melt1231 because these 
shapes are  expected t o  produce ingots  w i t h  b e t t e r  c r y s t a l  p e r f e c t i o n .  
While such shapes are d i f f i c u l t  t o  achieve f o r  Hg 
done w i t h  j u d i c i o u s l y  chosen thermal boundary c o n ~ ~ ~ i o n s [ 3 . 1 5 ] .  
Nonetheless, such an i n t e r f a c e  i s  h i g h l y  suscept ib le  t o  i n t e r f a c e  runa- 
way and u s u a l l y  leads t o  CdTe enrichment i n  the  center f o r  t h e  same rea- 
sons t h a t  an i n t e r f a c e  t h a t  i s  bowed i n t o  the  s o l i d  produces s l i c e s  w i t h  
HgTe-rich centers[3,5-9,121. 
CdxTe, it can be 
In  m ic rog rav i t y  i t  i s  expected t h a t  t he  h i g h l y  des i red s l i g h t l y  
convex growth sur faces w i l l  be eas ie r  t o  ma in ta in  because o f  t he  reduced 
tendency f o r  s t r a t i f i c a t i o n  o f  t he  denser (HgTe-rich) f l u i d  component. 
A t  t he  same time, the  near -e l im ina t ion  o f  r a d i a l  temperature g rad ien t  
d r i v e n  convect ion i s  expected t o  p rov ide  f o r  a b e t t e r  con t ro l  o f  t he  
l a t e r a l  composi t ional  d i s t r i b u t i o n  i n  the  mel ts .  We thus expe t t h a t  by 
growing under the  in f luence o f  low-grav i ty  cond i t ions  (g 10 g ), c ry -  
s t a  I s w i  t h  s i gn i f  i cant  I y improved c r y s t a  I I i n i t y  and compos i ti ona? homo- 
gene i t y  can be prepared as compared t o  t h e  best  c r y s t a l s  t h a t  can be 
produced on ear th .  I t  i s  a l so  reasonable t o  expect t h a t  c a r e f u l  charac- 
t e r i z a t i o n  o f  bo th  the  space- and ground-grown mate r ia l s  w i l l  lead t o  
b e t t e r  i n s i g h t s  i n t o  the  p e c u l i a r i t i e s  o f  t he  var ious  growth mechanisms 
t h a t  w i l l  permi t  improvements i n  earth-based processing o f  Hg CdxTe 
and o ther  compound semiconductor a l l o y  systems. 
-e 
1 -x  
I t  has been suggested[241, t h a t  CdTe, Hg Cd Te, e t c .  probably 
possess extremely small y i e l d  s t rengths  near 46:ir g r  
I f  t h i s  i s  t he  case, the  h igh  d i s l o c a t i o n  dens i ty  ("10 cm ) u s u a l l y  
seen i n  these c r y s t a l s  could be due t o  s t resses induced by the  samples 
own weight, t h a t  i s ,  se l f - induced st resses.  Although it i s  no t  a major 
goal o f  t he  present  exper imentat ion,  an e f f o r t  w i l l  be made t o  assess 
t h e  v a l i d i t y  o f  t h i s  hypothesis.  
X t h  t mperatures. "5' -E 
F l  i q h t  Experiment Implementation 
Throughout t h i s  r e p o r t  we have emphasized the  importance o f  c a r e f u l  
c o n t r o l  o f  t he  thermal environment near t h e  growth i n te r face .  Thus, t o  
assure the  i nco rpo ra t i on  o f  these c a p a b i l i t i e s  i n t o  the  f l i g h t  hardware, 
a p ro to type c r y s t a l  growth system has been developed i n  our labora tory  
by B. R. A l d r i c h  and a f l i g h t - q u a l i f i e d  vers ion  i s  now i n  the  process o f  
cons t ruc t i on .  The prototype, shown i n  F i g .  5, has been used t o  grow 
c r y s t a l s  o f  several  semiconducting m a t e r i a l s  inc lud ing  Hg Cd 2Te and 
doped Ge. Prec ise  thermal f i e l d  and i n t e r f a c e  shape c o n t h y  h i s  been 
demonstrated. The growth system inc ludes f i v e  a c t i v e  thermal c o n t r o l  
p o i n t s  and two passive con t ro l  fea tures .  Th is  degree o f  con t ro l  i s  
necessary t o  compensate f o r  t he  lack o f  heat pipes and y e t  p rov ide  the  
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necessary temperature p r o f i l e  t o  o b t a i n  the  des i red  i n t e r f a c e  
geometries. Heat p ipes  are  used i n  ground-based s tud ies  and are  planned 
f o r  a f u t u r e  f l i g h t  furnace.  
The r e s t r i c t i o n s  imposed by c o n s t i t u t i o n a l  supercool ing and t h e  
wide separa t ion  between t h e  l i q u i d u s  and s o l i d u s  o f  t h e  HgTe-CdTe phase 
diagram l i m i t  t h e  maximum a l lowab le  growth r a t e  t o  0.6 t o  1.0 ~ ~ m / s  f o r  
reasonable va lues ("100 t o  150 OC) o f  t he  appl i ed  a x i a l  temperature gra- 
d i e n t .  We have se lec ted  0.4 JJWS f o r  t he  i n i t i a l  growth r a t e  t o  a l l o w  
f o r  a l i k e l y  decrease i n  t h e  e f f e c t i v e  * * d i f f u s i o n  ra te**  because o f  t he  
reduced f l o w  c o n t r i b u t i o n .  Several growth r a t e  changes are  being 
planned f o r  t h e  f i r s t  f l i g h t  experiment. A c a r e f u l  a n a l y s i s  o f  t h e  
r e s u l t i n g  t r a n s i e n t  i n  composi t ional  d i s t r i b u t i o n s  w i l l  be used t o  
e s t a b l i s h  i n te r face  geometries f o r  g iven  growth cond i t i ons  and t o  ascer- 
t a i n  t h e  e f f e c t s  o f  growth r a t e  on t h e  r a d i a l  and a x i a l  composi t ional  
v a r i a t i o n s  under n e a r l y  d i f f u s i o n  l i m i t e d  cond i t i ons .  
Acknowledqements 
We thank Dr.  Robert  J. Naumann f o r  many h e l p f u l  d iscuss ions.  The 
work i s  supported by t h e  Nat iona l  Aeronaut ics  and Space Admin i s t ra t i on  
M i c r o g r a v i t y  Science D i v i s i o n .  
383 
References 
1. 
2. 
3. 
4.  
5. 
6 .  
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
R. K. Wil la rdson and A. C. Beer, eds., Semiconductors and Semime- 
t a l s ,  2, Academic Press (1981). 
F. R. Szofran and S. L .  Lehoczky, J. Crys ta l  Growth. 70, 349 
(1984) . 
F. R. Szofran, D. Chandra, J.-C. Wang, E. K.  Cothran. and S. L .  
Lehoczky, J. Crys ta l  Growth, 70, 343 (1984). 
S. L .  Lehoczky. C. J. Sumners. F. R. Szofran, and 6. G. Mar t in ,  fi: 
M a t e r i a l s  Processing i n  the  Reduced G r a v i t y  Environment o f  Space, 
North-Holland, Amsterdam (1982). G. E. Rindone, ed. 
P. Capper, J. J. G. Gosney, C. L .  Jones, and M. J. T. Quelch, J. 
Crys ta l  Growth, 63, 154 (1983). 
C. L. Jones, P. Capper, B. W. Straughan, and A. W. Vere, J. C r y -  
s t a l  Growth, 63, 145 (1983). 
P. Capper, C. L. Jones, E. J. Pearce. and M. J. T. Quelch, J. C r y -  
s t a l  Growth, 82, 487 (1983). 
S. L .  Lehoczky and F. R. Szofran, NASA CR-161949 (1981). 
S. L .  Lehoczky. F. R. Szofran. and 6. G. Mar t in ,  NASA CR-161598 
(1980) . 
J. E. Har t ,  J. F l u i d  Mech., 49, 279 (1971). 
T.-W. Fu and W. R. WiIcox, J. Crys ta l  Growth, 48. 416 (1980). 
S. L .  Lehoczky and F. R. Szofran, fi: M a t e r i a l s  Processinq i n  the  
Reduced G r a v i t y  Environment of Space, North-Holland, Amsterdam 
(1982). G. E. Rindone, ed. 
L .  R. Hol land and R. E. Taylor,  J. Vacuum S c i .  Technol., g, 1615 
(1983). 
R. J. Naumann and S. L. Lehoczky, J. Crys ta l  Growth, 81, 707 
(1983). 
B. E. B a r t l e t t ,  P. Capper, J. E. Har r i s ,  and M. J. T. Quelch, J. 
Crys ta l  Growth, 48, 623 (1979). 
H. A. Bownan and R. M. Schoonover, J. Res. N a t l .  Bur. Std., E,  
179 (1967). 
384 
17. V. G. Smith, W. A. T i l l e r ,  and J. W. Ru t te r ,  Can. J. Phys., 33, 
723 (1955). 
18. J. C. Clayton, NASA CR-162049 (1982). 
19. J. C. Clayton, M. C. Davidson, D. C. G i l l i e s ,  and S. L. Lehoczky, 
J. Crys ta l  Growth, 60, 374 (1982). 
20. A. Rouzaud, D. Camel, and J. J. Favier ,  J. Crys ta l  Growth, 73, 149 
(1 985) . 
21. S. R. C o r i e l l  and R. F. Sekerka, J. Crys ta l  Growth, 9, 479 
(1979). 
22. Y. M. Dakhoul, Computational Ana lvs is  of CrVstal  Growth, Continuum, 
a l  Report Contract  No. NAS8-36483 and t o  Inc.  (January 1987). F i  
be publ ished. 
23. C. E. Chang and W. R. W i  
24. M. Brown, p r i v a t e  comun 
cox, J. Crys ta l  Growth, 21, 135 (1974). 
ca t i on .  
385 
rl. 
l 
0- 
a 
I 
in- 
< 0-  . 
in- 
- 0-  
- VI- 
N 
0- 
I - 
i n o m o  
‘ ! ‘ I  
8 450 
l l  
Figure 1. Effect of higher melt thermal conductivity on isotherms. 
Upper and lower zone temperatures of 1000 and 400, 
respectively, are used with a 2x/a thick adiabatic zone 
centered at 0. Notice how the melting point isotherm o f  700 
changes from the right-hand, equal thermal conductivity case 
to the left-hand case where the thermal conductivity in the 
melt is seven times that in the solid. 
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F igu re  2. Radia l  composi t ional  v a r i a t i o n s  f rom seven s l i c e s  f rom a I-cm 
diameter i ngo t  grown according t o  the  improved Bridgman 
method suggested i n  t h i s  paper. The two curves f o r  each 
s l i c e  show the  composi t ion on the  same sca le  as the  
ho r i zon ta l  a x i s .  These curves show the  e v o l u t i o n  o f  t he  
i n t e r f a c e  du r ing  growth f rom concave t o  f l a t  or  s l i g h t l y  
convex and back t o  concave. 
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F igu re  4. Comparison o f  two x=0.202 ingots  grown under i d e n t i c a l  
cond i t i ons  except t h a t  t h e  growth r a t e s  were d i f f e r e n t  as 
i nd i ca ted  i n  t h e  f i g u r e .  For i ngo t  L6 t h e  curves connect 
measurements f o r  f i v e  s l i c e s .  For  i ngo t  L7 t h e  bands 
i n d i c a t e  t h e  spread o f  composi t ions f o r  each o f  t h r e e  s l i c e s .  
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F i g u r e  5 .  Cutaway drawing o f  t h e  AADSF l a b o r a t o r y  vers ion .  
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